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We describe here experiments designed to characterize the sec-
ondary structure of amyloid fibrils of the Alzheimer’s amyloid
plaque peptide Ab, using hydrogen-deuterium exchange measure-
ments evaluated by mass spectrometry. The results show that
'50% of the amide protons of the polypeptide backbone of
Ab(1–40) resist exchange in aqueous, neutral pH buffer even after
more than 1,000 h of incubation at room temperature. We attribute
this extensive, strong protection to H-bonding by residues in core
regions of b-sheet structure within the fibril. The backbone amide
hydrogens exchange at variable rates, suggesting different de-
grees of protection within the fibril. These data suggest that it is
unlikely that the entire Ab sequence is involved in H-bonded
secondary structure within the amyloid fibril. Future studies using
the methods described here should reveal further details of Ab

fibril structure and assembly. These methods also should be ame-
nable to studies of other amyloid fibrils and protein aggregates.

T issue deposits of highly insoluble amyloid fibrils are associ-
ated with a variety of human diseases, including Alzheimer’s

disease (AD) (1) and noninsulin-dependent diabetes (2). More
than 15 different proteins are known to form amyloid fibrils. In
AD, the main components of amyloid fibrils are the peptides
collectively known as Ab, molecules ranging from 39 to 43
residues in length derived from proteolytic cleavage of the
amyloid precursor protein APP (3). The realization that each of
the four genes associated with familial forms of AD have an
impact on the in vivo concentrations or amyloidogenicity of Ab
has provided strong support for the role of Ab amyloid assembly
in the disease mechanism (4).

Proteins capable of forming amyloid in human diseases have
no significant similarities to one another in amino acid sequence,
molecular weight, or native folding patterns (5). Despite the
dissimilarity of the precursor proteins, amyloid fibrils derived
from these different proteins share a number of structural
features. Electron microscopy and atomic force microscopy show
that fibrils produced by many proteins are 80–100 Å in diameter
and several mm in length and are composed of a number of
smaller (30–40 Å diameter) protofilaments twisted about each
other along the fibril axis (6, 7). Most amyloid fibrils exhibit
similar spectroscopic response to the heteroaromatic dyes Congo
red and thioflavin T (5), suggesting binding sites for these dyes
common to all amyloid fibrils. Both x-ray diffraction (8) and IR
spectra (9) show that most of the definable secondary structure
of all amyloid fibrils is some form of b-sheet. Solid-state NMR
data on the fibrils also have been interpreted to indicate that the
Ab fibril structure includes a parallel b-sheet (10). Unfortu-
nately, amyloid fibrils have proved resistant to conventional
methods of higher-order protein structure determination such as
x-ray crystallography (fibrils are noncrystalline) and multidi-
mensional NMR (fibrils have short relaxation times and there-
fore provide broad, unresolved resonances). The lack of high-
resolution structural information limits our ability to understand
how peptides and proteins with dissimilar native folds are
capable of accessing a common amyloid folding motif. Higher-

resolution structural data also would facilitate drug design
targeting amyloid fibrils.

Significant insight into fibril structure could be derived from
knowledge of the pattern and extent of hydrogen bonding within
the fibril. For example, we know that amyloid fibrils formed by
the Alzheimer’s disease peptide Ab(1–40) are rich in H-bonded
b-sheet (8–10), but we do not know which of the 39 backbone
amide protons are engaged in H-bonds or even the proportion
of total backbone amides so engaged. Defining the secondary
structural roles of various primary sequence elements along the
fibril-incorporated Ab peptide would provide important new
information that could, for example, be used to build and test
models of amyloid fibril structure (8, 11–15).

Hydrogen-deuterium exchange (HX) has proven very useful in
defining structural perturbations within globular proteins (16–
22). Protons attached to heteroatoms, which normally undergo
rapid exchange, experience much slower exchange when in-
volved in H-bonded structures like a-helices and b-sheets andyor
when protons are sterically inaccessible to the solvent (16, 17).
Analysis normally involves exposing the protein to exchange
conditions in D2O, followed by determination of the incorpo-
rated deuterium content by methods such as NMR (16–18), MS
(19–22), or Fourier transform IR spectroscopy (23, 24).

In this paper we present a protocol enabling rapid fibril
dissolution and MS evaluation of the hydrogen bonding of
fibrillar Ab(1–40) by HX. This method provides structural
insights for improving our understanding of fibril assembly and
offers the prospect for even more detailed information in the
future.

Materials and Methods
Fibril Synthesis. Chemically synthesized Ab(1–40) monomer
(Keck Biotechnology Center, Yale University) (NH2-DAEFR-
HDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV-
COOH) was used in the experiments described here. To elim-
inate aggregates from the starting peptide, the peptide was
treated with trif luoroacetic acid (Pierce) and hexafluoroisopro-
panol (Sigma) as described by Zagorski et al. (25). To grow
fibrils, this disaggregated Ab was dissolved in H2O to a concen-
tration of 0.5 mgyml (concentration determined by HPLC
analysis against a standard quantified by amino acid composition
analysis). An equal volume of PBS (20 mM phosphate, 276 mM
sodium chloride, 5.4 mM potassium chloride, pH 7.4) was added
and this solution was further cleansed of potential Ab aggregates
by extended ultracentrifugation for at least 15 h. Fibril formation
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then was initiated by addition of a small quantity (0.2% by weight
compared with monomer) of fibrillar Ab aggregates from a
previous fibril synthesis. The mixture was incubated without
agitation at 37°C, and fibril growth was monitored by thioflavin
T fluorescence (26) until complete (4–6 days). The quality of
fibrils was assessed by electron microscopy.

Sample Preparation. For HX experiments on the monomer,
Ab(1–40) was processed as described above, except that dried
peptide after organic solvent treatment was dissolved in 2.5 mM
TriszHCl buffer, pH 7.5 (in H2O or D2O depending on the
experiment). For HX experiments on fibrillar aggregates of
Ab(1–40), fibrils were first collected by centrifugation, washed
once with water, and then resuspended in 2.5 mM TriszHCl or
deuterated TriszHCl buffer at pH 7.5.

Electrospray Ionization-MS. A Micromass (Manchester, U.K.)
Quattro II triple quadrupole electrospray ionization mass spec-
trometer was used in the experiments presented here. Experi-
ments were performed in the positive ion mode with a capillary
voltage of 3.0 kV and a cone voltage of 20 V. A 0.25-mm
diameter T union (Valco Instruments, Houston) was connected
to the electrospray sampling capillary. Two 100-mm i.d. fused
silica capillaries (Polymicro, Phoenix) were used for infusing
sample (2 mlymin) and processing solvent (18 mlymin) into the
T. Sample solutions and processing solvents were delivered with
Harvard Bioscience model 22 and model 11 syringe pumps
(South Natick, MA), respectively. Source temperature was main-
tained at 80°C. The flow rates of nebulizing gas and drying gas
were set at 20 literyh and 400 literyh, respectively.

All spectra were acquired in the multichannel accumulation
mode with mass range from 700 to 1,200 Da at a scan rate of 250
Days for 1 min. The spectra were smoothed by averaging over a
moving three-point window. Centroids of unresolved isotopic
envelopes were used to calculate the average molecular mass
(corrected for excess protons or deuterons depending on the
sample). Charge states 15 and 16 were consistently observed
with good signal-to-noise ratio, and therefore molecular masses
obtained from these charge states were averaged to obtain the
molecular masses in all of the experiments presented here.

Results
Methodological Considerations. Intact fibrils are far too heavy and
heterogeneous for direct mass analysis. MS evaluation of HX in
amyloid fibrils therefore requires two steps. In the first step,
fibrils are incubated in deuterated buffer to allow forward
exchange of exposed, labile hydrogens for deuteriums. In the
second step, the resulting partially deuterated fibrils must be
rapidly dissolved and disaggregated into monomers before data
collection. Using a D2O-based processing solvent for dissolution
and disaggregation can result in artifactual additional forward
exchange, whereas processing with an H2O-based solvent in-
duces back-exchange. In either case, the desired exchange in-
formation is compromised to the extent of the exchange occuring
during sample work-up. A 50:50:0.2 (volyvolyvol) watery
acetonitrileyformic acid processing solvent was found to mini-
mize these effects. As described below, this mixture was com-
patible with MS detection of Ab and provided rapid fibril
dissolution. Moreover, it provided a pH in the range (2.5–3)
known to greatly reduce the rate of HyD exchange of many labile
protons (27). Although it is in principle possible to correct for the
inevitable sample work-up exchange (28), it is preferable to keep
the needed corrections (and resulting uncertainties) small by
minimizing not only the rate of these exchanges, but also the time
for dissolution of fibrils and injection into the MS. This was
accomplished by loading fibrillar material into the MS through
a mixing T in which fibrils encounter the sample processing
solvent, dissolve, and are immediately injected into the MS, all

within 10 s. All of the experiments described below were
conducted in an identical manner with this on-line mixing T
sample port by using either protonated or deuterated forms of
the wateryacetonitrileyformic acid solvent mixture.

Method Validation. To assess the ability of our MS system to
observe Ab peptides, '30 mM Ab(1–40) monomer in 2.5 mM
aqueous TriszHCl buffer (pH 7.5) was continuously infused
through one arm of the T, where it was mixed with aqueous
processing solvent (H2OyCH3CNyHCOOH) being pumped
through the second arm of the T. The resulting mixture then was
directed to the electrospray emitter through the third arm of the
T. Fig. 1a presents a typical result showing the 16 charge state
from the mass spectrum of Ab(1–40). The measured mass
(4329.5 Da; Table 1) for Ab(1–40) is in good agreement with its
calculated mass (4329.9 Da). To test the ability of the processing
solvent to rapidly dissolve fibrils in the T, we injected a sample
of protonated fibrils (equivalent to 11 mM monomer concentra-
tion) suspended in 2.5 mM TriszHCl. The resulting spectrum
(Fig. 1b) was virtually identical to that of Fig. 1a, resulting in a
molecular mass of 4329.5 Da.

To determine the extent to which fibrils dissolve in the T, the
peak areas from on-line dissolution of a fibril suspension were
compared with those obtained from a known quantity of mono-
mer. We determined that under the flow conditions used here
at least 50% of the fibrils are dissolved on-line in the T. Although
more complete fibril dissolution might be obtained by using
slower flow rates, this also would lead to increased exposure to
back-exchange and loss of information. It is likely that the
dissolved portion of Ab fibrils analyzed in the MS is represen-
tative of fibril structure, because the protofilament-based sub-

Fig. 1. Electrospray ionization-MS of (a) protonated Ab monomer, (b)
protonated Ab fibrils, (c) deuterated Ab monomer in deuterated solvent, and
(d) deuterated Ab monomer in protonated solvent. The protein sample and
processing solution were pumped through two arms of the T at flow rates of
2 mlymin and 18 mlymin, respectively. The final concentration of Ab monomer
was 2.9 mM, and the equivalent concentration of monomers from fibrils was
'1.1 mM. Several charge states were obtained but only the 16 charge state is
shown here for clarity. The average molecular mass (corrected by subtracting
the mass of ionizing protons or deuterons) calculated by using data from 16
and 15 charge states is indicated for each sample.
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structure of fibrils (6–8) does not seem compatible with the
existence of a refractory core. Rather, it is more likely that fibrils
dissaggregate in the processing solvent through release of Ab
from protofilament termini.

To assess our ability to achieve and detect H3D exchanges
into Ab, fully deuterated Ab(1–40) monomer was examined. A
30-mM sample was prepared by incubating Ab monomer in
deuterated Tris buffer in D2O at pD 7.5 (pD values were read
directly from a pH meter and uncorrected for any isotope effects;
ref. 29) at room temperature for '15 h. This solution then was
infused through one arm of the mixing T, while deuterated
processing solvent was pumped through the other arm of the T.
This protocol provided essentially no opportunity for back-
exchange. Fig. 1c presents the 16 charge state of a representative
mass spectrum. The molecular mass of the completely deuter-
ated peptide was calculated to be 4395.1 Da (Table 1), '66 Da
higher than that found for protonated Ab(1–40) monomer in a
protonated solvent (Fig. 1a). Because every replacement of H by
D produces a mass increase of 1 Da, this finding suggests that a
total of 66 protons exchanged for deuterons under these con-
ditions. This is in excellent agreement with the 66 total exchange-
able protons predicted for Ab(1–40), which in its nonionized
state contains 39 backbone amides, two N-terminal amine
protons, one C-terminal carboxylate proton, and 24 labile side-
chain protons. These data suggest that Ab monomer contains no
highly protective secondary structure and confirm the ability of
our protocol to count H3D conversions in Ab samples.

Exchange Experiments. To test the ability of the sample processing
protocol to preserve exchange information during MS analysis,
we next exposed the fully deuterated Ab monomer to analysis
using the protonated processing solvent. The 16 charge state of
a representative mass spectrum is shown in Fig. 1d. The peaks
obtained here are '1.5 times wider than for the corresponding
protonated sample (Fig. 1a) because of heterogeneity in the
deuterium content. Using the centroid of the isotopic envelope
to calculate molecular mass, we obtain a measured mass of
4361.9 Da (Fig. 1d, Table 1) for this sample, representing the net
incorporation of '32 deuteriums into the monomer. Relative to
the fully deuterated material (Fig. 1c), this indicates back-
exchange of 34 of the 66 sites, slightly more than expected if only
the 27 labile side-chain and terminal sites are vulnerable to rapid
back-exchange (see the next section). Evidently, some of the 39
backbone amide protons back-exchange on the time scale of
mixing and sampling using the T.

The kinetics of monomer HX was studied in more detail by
quickly dissolving dried protonated monomer with deuterated
Tris buffer (to make a 30-mM solution), then immediately and
with periodic repetitions infusing aliquots of this solution into
the T, along with protonated processing solvent. The data (Fig.

2) indicate very fast kinetics; all hydrogens are exchanged within
5 min. The spectrum after 5 min of room-temperature incubation
was indistinguishable from that after 15 h (i.e., Fig. 1d). The
rapid, single-phase exchange kinetics further supports the ab-
sence of significant protective secondary structure within the
monomer.

Identical protocols were followed to study the kinetics of
deuterium exchange into Ab fibrils. Protonated fibrils were
collected by centrifugation, washed once with water to remove

Table 1. Summary of molecular masses observed for Ab (1–40) peptide under the indicated conditions

Sample
Number of

runs

Observed
molecular
mass, Da*

Mass increase
from protonated

Ab Da*

Mass increase after
side-chain correction,

Da*†

Protonated Ab monomer or fibrils with protonated processing solvent 6 4,329.4 6 0.1
Deuterated Ab monomer with deuterated processing solvent 10 4,395.1 6 0.2 65.8 6 0.2 38.8 6 0.2
Deuterated Ab monomer with protonated processing solvent 41 4,361.7 6 1.1 32.3 6 1.1 27.3 6 1.1
Deuterated Ab fibrils with protonated processing solvent‡

(incubation time ;15 h for deuteration)
34 4,345.7 6 0.7 16.3 6 0.7 11.3 6 0.7

Deuterated Ab fibrils with protonated processing solvent
(incubation time ;384 h for deuteration)

4 4,348.0 6 0.2 18.6 6 0.2 13.6 6 0.2

*Uncertainties represent the standard deviations of the mean of the indicated number of replicate runs. Data in this table may differ marginally from some data
shown in the figures and text, which show individual, representative runs.

†Corrected for rapid back-exchange of labile protons (see text).
‡Multiple deuterated samples prepared from four different fibril preparations were run multiple times.

Fig. 2. Deuterium content vs. time for deuterated monomer (F), corrected
deuterated monomer (}), deuterated fibrils (■), and corrected deuterated
fibrils (Œ). The data presented in corrected deuterated monomer and fibril
curves have been adjusted to remove contributions from side-chain protons
(see text). (a) Magnified view of the first 42-min segment from c. (b) Magnified
view of the 0- to 21-h segment from c. (c) HX kinetics data for monomer (792
h) and fibrils (1135 h). The kinetic plots presented here are averaged from data
on three monomer samples and four fibril samples. The error bars in b and c
represent the standard deviation of the mean and in some cases are equal to
or smaller than the size of the symbol. a represents single kinetic runs at each
time point.
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any remaining phosphate buffer, then rapidly suspended in
deuterated Tris buffer and incubated at room temperature. At
various times, samples from this suspension were mixed with
protonated processing solvent in the T and analyzed in the MS.
Fig. 3a, collected 3.5 min after mixing with deuterated buffer,
shows a single mass distribution centered at 4341.8, correspond-
ing to a total gain of 12 deuteriums, significantly fewer than the
32 incorporated into the monomer in under 5 min. When the
fibril suspension was evaluated again after 21 min of incubation,
the Ab(1–40) peak center had shifted to 4343.5 (Fig. 3b).
Analysis after 4.8 h showed a total gain of only '16 deuteriums
(Fig. 3c), and even after incubation at room temperature for
384 h, the spectrum reflects only '18 H3D exchanges (Fig.
3d).¶ This sample of partially deuterated fibrils analyzed after
1,135 h contained '19 deuteriums.

The full kinetics curve for deuterium exchange into fibrils also
is shown in Fig. 2. The data representing only the exchange into
the backbone amides (see below) also are presented in Fig. 2. In
contrast to the monomer exchange experiments, these data
suggest a number of kinetic phases. Seven deuteriums exchange
into fibrils within a few minutes, whereas another seven exchange
over a period of several hours to days. The remaining backbone

amide hydrogens do not exchange even after 47 days. These
different classes presumably represent backbone amide protons
residing in increasingly protective environments in the amyloid
fibrils.

Hydrogen Exchange During Sample Processing. As discussed above,
there are generally two major contributors to the HX process:
very fast exchange of terminal and side-chain hydrogens, and
relatively slow exchange of the main-chain, backbone amide
hydrogens. Both modes of exchange operate in the mixing T
against a solvent that is a mixture of D2O (from the Ab
incubation) and H2O (from the processing solvent). The fraction
of water that is D2O in the T (determined by the relative flow
rates of the two streams) is 18.2% in these experiments. Thus, if
back exchange were complete in any of these experiments (due,
for example, to excessively long processing times), then only
'18% of the maximum 66 deuterons ('12) would be detected
in the MS. The data clearly show that this is not the case for
either monomeric or fibrillar Ab and that significant exchange
information therefore has been recovered in the MS analysis.
Nonetheless, the measured amounts of deuterium in both the
monomer and fibril experiments have been influenced by some
degree of backyforward exchange during sample work-up. As
discussed next, correction for rapid exchange into side chains is
straightforward, but correction for backbone amide exchange is not.

For unaggregated monomers, the labile terminal and side-
chain hydrogens exchange very rapidly even at pH 2–3 (27), so
that the final measured deuterium content should include an
equilibrium distribution of deuterium into these sites. Because
there are 27 such hydrogens in Ab, a total of '5 (18.2% of 27)
deuteriums should be incorporated at these sites for both
monomeric and fibrillar Ab.

As noted above, there is evidence for some back-exchange into
the backbone amide hydrogens in the analysis of the fully
deuterated monomer in protic processing solvent (Fig. 1d). By
subtracting the five deuteriums contributed by rapid equilibra-
tion of the labile sites, from the final measured deuterium
content of 32, we obtain a total of 27 deuteriums distributed over
the 39 backbone amide hydrogens; that is, 12 have back-
exchanged. If the 39 backbone amide hydrogens were completely
exchanged and equilibrated with the 18.2% deuterium in the
final processing mixture, only seven (not 27) deuteriums would
be retained.

In principle, it should be possible to use this kind of infor-
mation to correct the fibril data and thus determine the absolute
number of deuteriums present in fibrillar Ab before exposing the
fibrils to processing. Correction equations for data from soluble
proteins have been described and are considered to be accurate
to approximately 5% (although deviations of .25% are noted in
some instances) (28). Some investigators prefer to use uncor-
rected data in comparative analyses of different molecules (19,
31, 32). Because no mathematical correction scheme has been
developed or validated for treatment of data from experiments
involving solubilization before analysis, we have chosen for this
discussion (and for Fig. 2) to correct only for the equilibration
of the labile sites, leaving for future work the small (but
uncertain) correction for back-exchange into backbone amide
hydrogens.

As described above, after more than 1,000 h of exchange time,
Ab from fibrils was found to contain '19 deuteriums. According
to the above analysis, five of these must reside in the labile
groups, leaving about 14 backbone amide hydrogen positions
occupied by deuteriums. This is in contrast to the 27 backbone
amide hydrogens occupied by deuterium in the monomer after
only 5 min of exposure to D2O (data of Fig. 2, corrected for
side-chain exchange). Our data thus indicate that approximately
50% of the amide backbone hydrogens are involved in some kind
of protective structure when Ab is incorporated into amyloid

¶In the MS of samples from the fibril exchange reaction (Fig. 3), we consistently observe a
shoulder at a mass-to-charge ratio coinciding with that of the partially deuterated
monomer (Fig. 1d) and growing relatively larger at long incubation times. One possible
source is monomeric (and hence unprotected) Ab in equilibrium with the fibrils (30), which
would exchange at the rate and to the extent of the monomer. Further work is required
to fully characterize the source of this peak.

Fig. 3. Electrospray ionization-MS of deuterated fibrils in protonated sol-
vent after (a) 3.5 min, (b) 21 min, (c) 4.8 h, or (d) 384 h. Mass spectra of
protonated and partially deuterated Ab(1–40) monomer from Fig. 1 a and d
are reproduced for comparison as dashed lines in a. The average molecular
mass (calculated as in Fig. 1) is indicated for each sample.
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fibrils. This estimate is in good agreement with exchange pro-
tection experiments analyzed by Fourier transform IR spectros-
copy (R.W., I.K., Yongsung Kim, and John Carperter, unpub-
lished results).

Discussion
Backbone amide protons in globular proteins occupy a variety of
structures that exhibit varying degrees of protection against
hydrogen exchange that span at least 6 orders of magnitude of
protection factors (17). Core portions of b-sheet are more highly
protected than edge regions of sheets and a-helix, which in turn
are more protected than loop and random coil regions (17). In
this paper we show that all of the backbone amide hydrogens of
monomeric Ab undergo rapid HX consistent with the absence of
protective structure within the molecule. On the contrary, Ab
incorporated into fibrils undergoes much slower exchange with
more complex kinetics. Fig. 2 suggests at least three classes of
backbone amides in fibrils: those that exchange as rapidly as the
backbone amide hydrogens of the monomer, those that exchange
at intermediate rates, and those that do not exchange even after
1,000 h of exposure to D2O. At least 50% of the Ab peptide
backbone resides in this highly protected, rigid core structure in
the fibrils. Such high extents of protection over extended ex-
change times generally are not observed in HX studies on
globular proteins.

Global exchange data such as that described here should assist
in elucidating the structure of amyloid fibrils by allowing the
testing and refinement of structural models. For example, our
data suggest that a significant portion of the Ab peptide is not
involved in protective b-sheet structure in the amyloid fibrils.
Our data are thus inconsistent with any model of fibril structure

invoking strong H-bonding along the entire length of the Ab
peptide. HX-MS also should prove useful in characterizing the
secondary structure contents of amyloid fibrils generated from
biologically relevant forms of Ab, such as the 1–42 peptide (33)
and the ‘‘Dutch’’ (34) mutant. It also can be used to characterize
fibril assembly intermediates (35, 36) as well as other Ab
aggregates not on the assembly pathway (37).

An important future direction of hydrogen exchange experi-
ments is to move beyond global analysis of the entire Ab
molecule and to localize exchange protection to particular
molecular regions, and ultimately particular residues of the
amino acid sequence. In the MS approach, this might be
accomplished by fragmentation of the solubilized Ab, either by
proteolysis before MS analysis (21, 28) or by high-energy de-
composition during MS-MS analysis (22), to determine exchange
protection in individual fragments.

Progress in our understanding of amyloid structure and its
impact on disease pathology will depend to a large extent on the
development of novel approaches to the structural analysis of
protein aggregates. In this paper we show that HX-MS studies of
Ab fibrils provide global information on the extent of the b-sheet
network and protection within the fibrils. In principle, these
methods also should be useful in analyzing the structures of other
amyloid fibrils and protein aggregates.
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